(Received for publication, April 30, 1958) ABSTRACT Freeze-substitution is based on rapid freezing of tissues followed by solution ("substitution") of ice at temperatures well below O°C. A 1 to 3 ram. specimen was thrown into 3:1 propane-isopentane cooled by liquid nitrogen to -175°C. (with precautions). The frozen tissue was placed in substituting fluid at --70°C. for 1 week to dissolve ice slowly without distorting tissue structure. Excess substituting agent was washed out, and the specimen was embedded, sectioned, and stained conventionally.
1 per cent solutions of osmium tetroxide in acetone, mercuric chloride in ethanol, and picric acid in ethanol. Preservation of structure was poorer after substitution in solvent alone. Evidence was obtained that the chemical agent fixes tissue at low temperatures. The chemical mechanisms of fixation are probably similar to those operating at room temperature: new chemical cross-linkages, which contain the fixing agent, join tissue constituents together. This process is distinguished from denaturation by pure solvents.
Freeze-substitution has many advantages, particularly the preservation of structure to the limit of resolution with the light microscope, and the accurate localization of many soluble and labile substances. Freeze-substitution was described by Simpson in 1941 as an excellent method of preparing tissue for study in the microscope (40) . A small piece of tissue was frozen rapidly, and then ice within the tissue was slowly dissolved ("substituted") in a fluid solvent, such as ethanol, at a temperature well below 0°C. This step depends on the fact that ice is soluble in many solvents at temperatures far below the melting point of ice. The specimen, free of ice and permeated by cold solvent, was then brought to room temperature and embedded, sectioned and stained in conventional fashion. Several modifications (3-5, 16, 19, 20, 22, 23, 27, 34, 35, 51) and applications of the technique (2 a, 6, 9-11, 13, 17, 18, 21, 25, 26, 28, 31, 33, 36, 39, [43] [44] [45] [46] [47] been described, as well as a few techniques with aspects that resemble freeze-substitution (l, 29, 32, 50) .
In the present paper we describe modifications, particularly the use of chemical fixatives in the substituting fluids, which improve the quality of tissue preservation and make the method more versatile. To investigate the important variables in the technique we have worked mainly with tissues difficult to fix well, and have stained them for highly labile or mobile constituents.
Tissues.--Most details of our procedure were worked out with whole eyes of adult albino mice. Whole planarians (Dugesia tlgrina) were frozen as they moved inside a droplet of water on a piece of aluminum foil. Uninfected and virus-infected HeLa cells in tissue culture were frozen as monolayers on coverslips, placed in the substituting fluid and processed as whole mounts. Mouse brain infected with pathogenic fungi, and assorted other tissues were studied, as described in the 1. A beaker of liquid propane-isopentane (3:1) was cooled to --170 ° to --175°C. with liquid nitrogen.
2. The tissue specimen was placed on aluminum foil and thrown into the cold propane-isopentane. This procedure is called "quenching. " 3. The frozen specimen was transferred to the substituting fluid at --70°C., and stored in a dry ice chest for about a week. One per cent solutions of mercuric chloride in ethanol, picric acid in ethanol, and osmium tetroxide in acetone were the substituting fluids used most.
4. Mercuric-and picric-fixed specimens were allowed to warm and were washed in solvents at about 0°C. Osmic-fixed tissues were washed in acetone at --70°C. before warming. Tissues were then cleared, embedded, sectioned, and stained in the usual ways.
In order that the techniques may be used with a minimum of trial and error, further details are supplied in an Appendix.
Experimental A nalysis of Freezing and Substitution
Conditions of Freezing.--Size of specimen, quenching temperature and quenching fluid are the major variables (5, 40) . Our best results were obtained with specimens up to 3 ram. in minimum diameter, though good results were obtained with intact eyes and whole mouse fetuses 5 to 10 mm. in diameter. Bell's (4) mixture of propane and isopentane (3 : 1) at --175°C. (150 specimens) was superior to isopentane at -155°C. (157 specimens). Quenching at -70°C. (17 specimens) was inferior, but gave cytological preservation adequate for some histochemical purposes.
Conditions of Substitution.--Structure was
better preserved following substitution at --70°C. than at --25°C. (31 specimens), though even the latter gave generally better results than conventional fixation. The advantage of keeping the frozen tissue as cold as possible has been attributed to the low melting point of eutectic mixtures in tissue (cf. reference 22 a), to growth of ice crystals in tissue, and to devitrification of tissue water (4) . Another factor is the high viscosity of concentrated aqueous solutions at low temperatures. The lower limit of temperature for substitution is, of course, determined by the eutectic temperature of water with the substituting fluid, and is probably around -120°C. for acetone and the lower alcohols.
Many solvents remain fluid and dissolve ice at low temperatures. A 3 gin. lump of ice was suspended within 350 ml. of each of the following solvents at -50°C., and the approximate time for complete solution of the ice was observed: methanol, 2 hours; ethanol, acetone, methyl cellosolve, 10 to 15 hours; Carnoy's alcoholchloroform-acetic mixture, 2 days; normal butanol, 2 weeks. We used mainly ethanol and acetone as substituting fluids. Formaldehyde forms a solid polymer in the cold and was little studied.
We observed the extent of penetration of cold ethanol containing eosin into 3 gm. pieces of frozen kidney and brain; the rate of substitution at --70°C. was about 0.5 mm. per day, measured inward from the surface of the tissue. Thus the ice in a portion of tissue 3 mm. in diameter is completely dissolved in less than a week.
Crystals (presumably ice) form in 80 per cent w/w ethanol at --75°C. This fluid is worthless for substitution at this temperature, since it does not dissolve ice. If one uses a volume of 100 per cent ethanol at least 20 times the volume of the tissue, the final concentration of ethanol will be no lower than 95 per cent and adequate for substitution at --75°C. In practice we used volumes of all solvents at least 100 times the tissue volume. For certain solvents, such as butangl and ether, a very large volume of solvent and a prolonged time of substitution are indicated.
Use 9f Fixatives.--Even under optimal conditions, substitution in pure solvents gave poorer preservation of structure than substitution in solvent containing a fixing agent. This variable was the major subject of our investigation, and our observations are described under Results.
Most investigators have used pure non-aqueous solvents as substituting fluids. Thus the specimens were relatively unfixed even when embedded in paraffin, and elements of the unfixed tissue dissolved or became distorted in water during mounting or staining. Fixing has been performed at various stages of the freezesubstitution procedure in an attempt to avoid these artifacts.
Lison (28) recognized the importance of fixation during substitution and used Gendre's fixative as a substituting fluid to preserve glycogen (see also Baud, (3); and references 19, 25, 39, 44) . Lillle (25) used a prolonged time of substitution (10 to 14 days) in alcoholic fixatives at --25°C.; fixation may have occurred gradually. Woods and Pollister (51) placed frozen tissue in ethanol at --41°C. to --45°C., and after substitution, transferred the tissue to a second fluid which acted as a fixative at room temperature or above. Freed (20) , Deitch and Godman (18) , and others (22, 34, 40) achieved good results by similar methods. Hancox (23) floated the paraffin ribbon on 85 per cent ethanol instead of water to reduce distortion in butanol-substituted tissue.
We consider that the fixing agent in the substituting fluid does fix at --70°C. and not subsequently when the specimen is warmed. In support of this it was found that tissues appeared equally well preserved when the chemical fixing agent was washed out with pure solvent either at low temperature or room temperature. This result was obtained with many different tissues, fixatives, solvents, and substitution temperatures (50 specimens). The same conclusion is supported by the results of model experiments.
Plasma was mixed with twice its volume of ethylene glycol and cooled to --45°C. Three per cent solutions of mercuric chloride, picric acid, sodium chloride, and ammonium sulfate in 2:1 ethylene glycol-water were cooled to the same temperature. Each of the latter 4 solutions was mixed with half its volume of the plasma mixture. Mercuric chloride and picric acid each immediately formed copious precipitates with plasma at -45°C. and the precipitates persisted on warming to room temperature 5 minutes later. Sodium chloride and ammonium sulfate formed a barely perceptible cloudiness at --45°C., which dissolved when the mixture was warmed to room temperature.
Finally, solid oleic acid and other reactive materials darken after a few days in osmium tetroxide in acetone at --70°C.
We next sought to determine at what stage of processing a tissue becomes distorted after substitution in pure solvent containing no fixing agent.
A frozen eye was placed in absolute ethanol at -70°C. and after substitution was transferred to chloroform at --25°C., brought to room temperature, placed in xylene, and embedded in paraffin. As expected, the sections showed imperfect preservation of structure. However, the tissue could be made to "recover." The paraffin block containing the unsectioned remainder of the eye was dissolved in xylene. The eye was brought through a series of non-aqueous solvents to pure ethanol at --70°C. and then to ethanol containing mercuric chloride at --70°C. The specimen next was taken through a series of solvents to xylene at room temperature and was again embedded in paraffin. Sections of the eye at this point showed very good preservation of structure, significantly better than that of the sections cut from the same eye before its exposure to fixative.
Thus substitution is a process distinct and separable from fixation. Solvents alone do not fix tissues well at very low temperatures or even at room temperature. However, many conventional chemical fixing agents, if dissolved in the substituting solvent, can effect good fixation of tissue and, in fact, act as fixatives at low temperatures.
RESULTS
Comparison of Fixatives .--Specimens were embedded in wax after substitution in mercuric chloride (61 specimens), picric acid (13 specimens), glacial acetic acid (4 specimens), and trichloracetic acid (l specimen), each in ethanol; in osmium tetroxide (24 specimens), and chromic acid (2 specimens), each in acetone; in Carnoy's alcoholchloroform-acetic mixture (7 specimens); and in ethanol alone (15 specimens). In every instance, solvent plus fixative was better for preservation of structure than solvent alone.
Pure ethanol, methanol, or acetone were adequate for monolayer tissue cultures and other specimens which did not need to be embedded and sectioned. Mammalian retina showed distortion of rods and cones, shrunken nuclear layers, and staining reactions which suggested loss of some cellular components. Liver, a common test tissue in previous studies, was fairly well preserved (2 specimens).
Osmium tetroxide proved to be the best fixative for preserving relations between cells, the size and shape of cells, and their membranes and organelles, as far as could be determined with the light microscope (Figs. 1 to 3, 11). Nuclei usually appeared optically empty and possibly somewhat swollen. The poor penetrating power of osmium tetroxide, which restricts its usefulness in conventional fixation, is not limiting in freeze-substitution; for example, over a period of days the fixative reaches and fixes all internal parts of an intact eye ( Fig. 1) .
Mercuric chloride and picric acid were found to be about equally good. Both preserved intracellular organelles, surface structures, and extracellular substances (Figs. 4 to 10, 12 to 18). In most tissues nuclei were well preserved (Figs. 5, 7, 8, 12 to 14, 17, 18) . Glycogen, soluble acid mucopolysaccharides ( Fig. 15 ), ribonucleic acid ( Fig. 16) , and the argyrophilia of nerve fibers ( Fig. 10 ) were very well preserved by both fixatives.
Other fixatives were used for specific histochemical purposes, for example, the acidified alcoholic substituting fluids to preserve sulfhydryl groups of protein. Most of the agents tested proved slightly inferior to osmium tetroxide, mercuric chloride, or picric acid, but did preserve morphology well enough for all but the most demanding cytological studies. Our results with formalin 596 FIXATION BY FREEZE-SUBSTITUTION in ethanol were inferior (7 specimens, paraffinembedded).
Appearance of Selected Tissues.--Freeze-substitution preserves tissues considered difficult to fix, including retina (Figs. 1 to 3, 5) , testis (Fig. 17),  brain (Fig. 16), encapsulated fungi (Figs. 12 to 14) , and young mouse embryos. Some tissues are more difficult to fix than others; artifactitious vacuoles are seen more commonly in brain, for example, than in specimens of comparable size from most other organs.
Structural integrity is maintained over large areas of tissue with our method (Figs. 1, 5 to 7, 9, 10, 17), whereas other methods of freeze-substitution and freeze-drying usually preserve only small areas intact.
The most delicate and the finest structures resolvable with the light microscope are preserved, for example, mitochondria (Fig. 8 ), complex synapses ( Fig. 2 ; see also Ladman (24)), fine fibrils in the interstitial zone of the retina (Fig. 3) , and the brush border overlying a dividing cell in epididymis (Fig. 18 ). Nuclear shapes (Fig. 18 ) and the arrangement of chromosomes in dividing cells (Figs. 17 and 18 ) are usually apparent. However, in retina the nuclei sometimes appear distorted or vacuolated even when other structures are well preserved.
As we have described above, fixing agents in the substituting fluids penetrate tissue readily at --70°C. Osmium tetroxide reaches and fixes all tissues of intact eyes (Figs. 1 to 3 ) and penetrates the slimy cuticle of intact planarians (Fig. 11) . Even the thick polysaccharide capsule of the pathogenic fungus, Cryptococcus neoformans, is no barrier to fixing agents (Fig. 12) . A nucleus is seen in almost every fungus cell (Figs. 12 to 14), whereas after conventional fixation, preservation of structures enclosed within the capsule is poor. The existence of a nucleus in this organism has not previously been reported, to our knowledge.
A wider range of staining techniques can be used after freeze-substitution with a fixing agent than after conventional fixation with the same agent. For example, after substitution in mercuric chloride in ethanol, tissues have been stained with the periodic acid-Schiff method for carbohydrates (Figs. 17 and 18 ), the Feulgen stain for desoxyribonucleic acid (Figs. 12 to 14) , toluidine blue for ribonucleic acid (Fig. 16 ) and metachromasy (Fig. 15) , silver stains for nerve fibers ( Contractile tissues often shorten during conventional fixation, but remain extended after freeze.. substitution (Figs. 9 to 11 ).
DISCUSSION
Quick freezing is a hundred or more times as fast as fixation at room temperature in immobilizing the constituents of living tissue (15) . This extremely quick action, which arrests vital processes and minimizes autolytic and other agonal changes, is responsible for much of the superiority of freezesubstitution and freeze-drying over conventional fixation.
After freezing, the tissue constituents are held within a rigid matrix of ice, and their immobilization depends on the presence of the ice. When the ice melts, soluble or flexible constituents are no longer restrained and may be displaced rapidly. Frozen tissue may be sectioned in a cryostat, but ice sections poorly, and further, the frozen section must generally be thawed before examination in the microscope. To circumvent these difficulties ice can be removed without melting, either by vacuum-sublimation at low temperature, as in freeze-drying, or by solution in a cold solvent, as in freeze-substitution.
After removal of ice by cold solvent, many tissue constituents remain in their in vivo positions. Extreme cold in itself makes many organic materials stiffen, through an increase in van der Waals forces and hydrogen bonding. Also the substituting solvent, depending on its polarity, may prevent movement of tissue constituents; for example, albumin is insoluble in relatively non-polar solvents. However, the restraining influences of both cold and solvent are reversible. A more permanent immobilization of tissue constituents follows the introduction of certain fixing agents into the substituting fluid. Briefly, all fixing agents act mainly by introducing new cross-linkages between and within the molecules of tissue constituents, thus immobilizing the constituents and making them solid, insoluble, and stiff. These properties 6t tissue constituents after fixation are the properties of highly crosslinked polymers in general (7, 49) .
Histological fixatives, as used conventionally, may be placed in two categories: chemical fixatives, such as formalin, mercuric chloride, and some chromium compounds; and physical fixatives, such as heat, alcohol (especially hot alcohol), and acetone.
Chemical fixatives act on proteins predominantly by combining with them to form cross-linkages in which the fixing agent itself appears in the crosslinkage (8, 38, 49) . Commonly the bonds in the cross-linkages are strong covalent or coordinate bonds. The over-all configuration of the protein molecule is not necessarily altered. We have shown that some chemical agents can fix protein even at temperatures far below 0°C.
Physical fixatives, in contrast, are said to denature protein (37) . The configuration of the protein molecule changes, existing weak bonds are broken, and new weak cross-linkages (maintained by van der Waals forces, hydrogen bonds and some ionic bonds) are formed between and within protein molecules. The fixative does not combine with the protein. The number of covalent bonds introduced or broken (with mild or moderate denaturation) is thought to be small. It appears useful to distinguish denatured protein, in which the skeleton of covalent bonds is spatially distorted, from chemically fixed protein, which may retain a virtually native shape. Proteins can be recovered in a native state after exposure to cold alcohol or acetone (14, 32) ; these agents are probably ineffective as denaturants at temperatures around --70°C. Proteins are probably both denatured and chemically fixed by most conventional fixatives at room temperature.
Some of these general aspects of fixation apply as well to other tissue polymers like nucleic acids and polysaccharides, and also to low molecular weight substances. Many lipides, for example, can be immobilized by using polar solvents for substitution, or can be rendered insoluble in fat solvents by treatment with chromates or osmium tetroxide. These agents probably alter the lipide chemically and make it more polar, or cross-link certain lipides to each other and to high molecular weight substances (48, 49) .
What determines the choice of substituting fluid? As noted, tissue constituents retain many of their native properties after exposure to a pure solvent not containing a chemical fixing agent. Even after embedding, autolytic enzymes remain active, for example (10) . This state of slight or partial fixation may be desirable for some purposes, such as enzyme histochemistry (2 a). Here the problem of fixation is especially difficult, for the fixing processes which lead to immobilization may at the same time be destroying the only specific attribute by which the enzyme can be recognized, its ability to react with substrate. Thus one may deliberately fix the tissue only partially, preserving enzyme activity but sacrificing some immobilization of tissue constituents including that of the enzyme itself. However, for most histochemical studies after freeze-drying or freeze-substitution, the specimen must be fixed.
Our general procedure of choice, as described in this paper, is to fix during substitution by including a chemical fixing agent in the substituting fluid. There are several reasons for preferring this procedure to freeze-drying followed by fixation. (a) In the freeze-drying procedure, the frozen tissue is dried and then immersed in a liquid. A liquidgas interface sweeps through the specimen and exerts large forces on delicate structures (cf. reference 2). The transitions during freeze-substitution are probably far gentler. (b) We have presented the advantages of very low temperatures for immobilization of tissue constituents within the frozen specimen (p. 594). At these low temperatures, substitution can be carried out more convenienfly than vacuum-sublimation. (c) In freezedrying, the route to the fixing solvent is circuitous, time-consuming , and inconvenient. Also, freezesubstitution is the less expensive procedure.
A further advantage of freeze-substitution is its versatility. Certain highly soluble, polar, low molecular weight substances (e.g., some salts, sugars, amino acids) might dissolve in the usual substituting fluids. However, one may choose a substituting fluid which contains a specific precipitant for the substance to be demonstrated. Thus Russell, Sanders, and Bishop (39) used basic lead acetate in ethanol as a substituting fluid when studying phosphate localization by autoradiographic techniques (see also reference 44). Further, a substituting medium may be chosen in which the sought-for substance is insoluble. Normal butanol or ether, which are significantly less polar solvents than ethanol, might be useful for retention of salts and other highly polar substances.
Tissue lipides, at the other extreme, are preserved best after substitution in very polar fluids, such as concentrated aqueous salt solutions. We have described and illustrated examples of the efficacy of our freeze-substitution procedure in fixing tissue constituents not immobilized well by conventional means. Soluble materials, probably acid mucopolysaccharides, in the interstitial zone of the rodent retina and in catfish taste buds are preserved with regularity. Contractile elements, such as planarian subepidermal muscle, remain extended and undistorted.
A variety of staining procedures can be applied to sections from one piece of tissue when a fixing agent is used for substitution. This may not be true after conventional fixation with the same agent. For example, both mitochondria and glycogen are well preserved and easily stained in tissue after substitution in ethanol containing mercuric chloride. This versatility extends to many other tissue constituents and staining procedures after freeze-substitution. It is also worth noting that in the results described above, conventional staining procedures were used without modification.
Thus, freeze-substitution is capable of preserving structure to the limit of resolution with the light microscope, and allows the preservation and demonstration of a wide range of tissue constituents. Obtaining Liquid Propane.--A 1000 ml. pyrex glass beaker was suspended by its rim in a large Dewar flask containing about 400 ml. of liquid nitrogen, an amount which just reaches the bottom of the beaker. Propane gas from the cylinder (standing in lukewarm water) was passed through a 4 to 5 foot length of 8/~6 inch plastic tubing. The midportion of the tubing was immersed in liquid nitrogen. The liquefied propane dripped from the open end of the tubing into the precooled 1000 ml. beaker. About 200 ml. of liquid propane was collected during 10 to 15 minutes. (The plastic tubing was set aside and allowed to warm to room temperature.) Seventy-five ml. of isopentane was slowly added to the cold propane. The temperature of the quenching fluid was kept near --170°C. by shuttling the beaker between two large Dewar flasks, one containing enough liquid nitrogen to bathe the beaker and one with less. The temperature of the propane or of the 3:1 propaneisopentane mixture was not permitted to fall below --175°C. (See Precautions.)
Appendix Special Reagents.--(a)
Liquid
Freezing and Substituting Procedures.--(a)
The tissue was excised quickly, placed on a one-half cm. scrap of thin aluminum foil, and thrown into the cold propane-isopentane, stirred vigorously with a 12 inch ruler. (b) We held the beaker of propane-isopentane above a mirror laid flat on the table, and removed the frozen specimen for transfer to the substituting fluid with a precooled perforated spoon or very long forceps, while watching the specimen in the mirror. The spoon was made of metal screening fastened with wire to a wooden rod. (c) Jars of substituting fluid, removed from the dry ice chest for transfer of a specimen, were placed on a styrofoam mat. A 2 ounce jar of ethanol at -70°C. placed on styrofoam at room temperature warms at about 3°C. per minute, a 16 ounce jar at about I°C. per minute. (d) Substituting fluids such as 1 per cent solutions of mercuric chloride or picric acid in ethanol were prepared at room temperature and cooled. Aluminum foil was usually removed within a few hours to avoid corrosion of the foil by mercuric chloride. Since osmium tetroxide and chromic oxide both react with acetone at room temperature, we prepared 1 per cent solutions of these agents in acetoneprecooled to --70°C. Osmium tetroxide solutions remain almost colorless for months at --70°C. (e) Tissue specimens of the usual size were placed in a 2 ounce jar of substituting fluid at -70°C. for about a week, larger specimens for longer periods and in larger volumes. (f) After substitution, the jar with substituting fluid and specimen was transferred to the refrigerator, and the specimen was washed for 12 hours or more in 3 changes of ethanol (or other solvent), placed in chloroform for 6 to 12 hours to extract remaining traces of water, brought to room temperature, transferred to xylene or a similar agent for about an hour, and embedded in paraffin. Alternatively, specimens were embedded in polyester wax (41) . Specimens in osmic-or chromic-containing fluids were washed in 2 or 3 changes of acetone at --70°C. to avoid the reaction of fixative with solvent at room temperature.
Precautions.--Propane and isopentane are very flammable, and form mixtures with liquid oxygen which may explode on mere grinding or impact (30) . Two precautions should be observed. First, liquid nitrogen may contain oxygen condensed in it from the atmosphere; if propane or isopentane are accidently mixed with liquid nitrogen, the vessel containing the mixture should be placed on the table top until the nitrogen boils off. Second, oxygencondenses very rapidly in the propane-isopentane itself when its temperature falls below --183°C. We keep the quenching fluid warmer than --175°C. Two signs that the quenching fluid is enriched with oxygen are the appearance of liquid oxygen as a second phase at the bottom of the beaker (42), and a "boiling" of the quenching fluid as it warms to --175°C., due to the liberation of condensed oxygen. A low temperature thermometer is an essential monitor if one uses liquid nitrogen to cool flammable substances.
Liquid nitrogen is discarded by pouring it on the floor. Quenching fluids are discarded on the ground outdoors, not in the sink where their heavy vapors may persist for hours. (The propane-isopentane should not be stored in the dry ice chest because dissolved carbon dioxide interferes with rapid quenching.) Cold osmium tetroxide and chromic acid solutions in acetone are discarded by pouring them very cautiously, without rewarming, into a large volume of water at room temperature.
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All tissues were embedded in paraffin and sectioned at 5/~ unless otherwise noted. The mouse eyes were embedded and sectioned intact. 
